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Abstract 
The qualification of solar simulators is specified in the IEC standard 60904-9:2007. However, this standard is a trade-off 
considering PV device performance, simulator design technology and measurement instrumentation at the time of its writing. 
Technological advances in all three sectors ask for a review of the standard. 
Based on the formula (IEC 60904-7) of the spectral mismatch correction factor (MM), a device independent formula of a solar 
simulator quality factor f1´ is proposed, similar to the quality factor of a photometer commonly used in photometry. This factor is 
calculated and discussed for the different solar simulator spectra of a LED light engine, a industry standard xenon light source 
and a high-end laboratory dual-lamp system consisting of xenon and halogen. 
With an analysis of the spectral contributions to the overall Jsc values of a typical Si solar cell and a sensitivity analysis of the 
MM, the relation of f1´ and the MM are investigated. 
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1. Introduction 
Advances in LED technology have led to development activities within the PV community on LED light source 
applications in different characterization tools over recent years [1-5]. One focus of research is the imitation of solar 
radiation with LEDs for indoor solar simulators. As such, they partially compete with the conventional xenon light 
sources used today, but also might be complementing each other for new hybrid simulators. Composing the 
spectrum with the discrete bell-curves of LEDs has a certain intellectual charm, as the individual control of the LEDs 
makes the equivalence of the spectral responsivity method [6] and the integral solar simulator method obvious and 
measurable with the same setup. 
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The spectral response SR(O) of a solar cell is given as 
    »¼
º
«¬
ª 
W
AEQE
hc
qSR OOO
,  (1) 
where O is the wavelength, q is the elementary charge, h is Planck’s constant, c the speed of light and EQE(O) the 
external quantum efficiency, respectively. The short circuit current density Jsc can be calculated from the SR(O) as 
   ³ OOO dESRJ sc ,  (2) 
where E(O) is the spectral irradiance of the incident light. 
The spectral mismatch factor correction MM takes into account the differences of reference and test cell as well as 
the differences of reference and solar simulator spectrum: 
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where TC indicates the test cell, RC indicates the reference cell, ERef is the spectral irradiance of the reference 
spectrum and ESim is the spectral irradiance of the solar simulator spectrum, respectively. Fig. 1 shows AM1.5g as 
reference spectrum together with the solar simulator spectra used. For the LED light engine, a high-quality type with 
19 different wavelengths was choosen. 
A calculation of the MM [7] for different practical sets of test cells revealed larger errors for the LED light engine 
compared with filtered xenon. 
A simple visual comparison of the presented spectra reveals that the black-body radiation nature of the xenon 
light sources is in very good congruence with the sun’s spectrum, with the exception of the emission lines. Thus, up 
to approximately 800nm the bumps of the LED spectrum deviate much more from the target spectrum. At higher 
wavelengths, the xenon light intensity is reduced with optical filters to compensate for the emission lines. The IEC 
standard weakens its requirements by integrating the intensity over a 200nm interval. This contradicts to the impact 
Fig. 1. Spectral irradiance of the reference spectrum AM1.5g and the solar simulator spectra. 
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on a typical cSi solar cell, having the maximum in the spectral response curve and also a maximum of variability in 
this wavelength range. This simplifies the filter design for xenon light sources and can be exploited similarly for 
LED light engines using the telecommunication standard 970nm LEDs filling the water vapour absorption gap. 
2. Solar simulator quality factor 
In photometry, the same equation for the MM is used to compare photometer devices, human vision, reference 
light sources and illumination condition. Additionally, for a photometer a quality factor f1´ is defined [8] as 
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where V(O) is the spectral sensitivity of the human eye for photopic vision and SR´(O)is the renormalized spectral 
response calculated as 
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where EA(O) is the spectral irradiance of the CIE standard illuminant A. 
Swapping detector and emitter, an equivalent to formula (4) and (5) can be written as 
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with the renormalization 
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This formulation is independent of the spectral response of the test cell and only has a weak dependency on the 
spectral response of the reference device, see  Table 1., second column for values of krenorm. Evaluating formula 6 
with the spectral response of a typical reference solar cell and AM1.5g as reference spectrum for different types of 
solar simulators in the range of 400nm to 1100nm is given in  Table 1., third column. 
 Table 1. Solar simulator quality factor for different simulator spectra. 
 
 
Solar Simulator krenorm f1´ [%] IEC spectral match [%] 
Wavelength interval 400..1100nm 400..1100nm 350..1200nm 600..700nm 400..1100nm 
19 LEDs light engine 0.977 35 36 13 <2% 
Xenon 0.950 32 32 9 <25% 
Dual lamp (Xe+Ha) 1.012 14 17 7 <12.5% 
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Although the LED solar simulator is matching the reference spectrum within 2% according to the IEC standard, 
the obtained quality factor is worse than the class A xenon solar simulator. The best quality factor is achieved by the 
class A+ dual light source super solar simulator. The presented spectrum of the LED engine prototype can be 
optimized further. But as an estimate of the limitations, the well matching range of 600..700nm is given in column 5, 
with the 13% of the LED light engine short of the 14% overall performance of the dual light source. 
Absolute values for f1’ are dependent on the wavelength resolution dO, but the ration for different tested spectra 
remained constant for increased spectral bandwidth. For the quality factor proposed to be useful to compare different 
solar simulators available from different vendors or labs, an agreement would be prerequisite on: 
x The spectral response of a typical or ideal (reference) cell for a given technology 
x A minimal wavelength resolution for the spectrometer measurement, especially of emission lines such as 
present in xenon light 
x The spectral bandwidth used for the calculation 
3. Contribution of spectral ranges to the Jsc 
With the known spectral response of a specific cell, formula 2 can be evaluated to compare different spectra for 
this specific cell. For steps of 10nm the Jsc contribution is calculated for each solar simulator spectrum and 
compared with the result under AM1.5g: 
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The results are shown in Fig. 2. While for the LED light engine, the deviations are correlated with adjacent 
intervals and throughout the spectrum, the peaks of the xenon light source seem less correlated but with a larger 
amplitude. Also, both spectra overweight the 900..1000nm range against the 1000..1100nm range as allowed by the 
IEC standard. As effects in solar cells are likely to also show a correlation of the spectral response of adjacent 
wavelength intervals, this needs to be addressed carefully, as different physical or technological effects will be 
weighted by such correlations. Again, the dual-lamp system outperforms significantly. Root mean square values of 
the Jsc contributions are given in the second column of Table 2. 
LED Xe Xe+Ha
-3.00%
-2.00%
-1.00%
0.00%
1.00%
2.00%
3.00%
Js
c 
D
ev
ia
tio
n 
[%
]
Fig. 2. Spectral contributions to the overall Jsc for different solar simulator spectra. 
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4. Sensitivity analysis of the mismatch factor 
An even more device specific calculation using the spectral responses of a reference and test cell pair is based on 
a variation of formula 3. The robustness of a solar simulator spectrum is evaluated using a wavelength-dependent 
sensitivity analysis of the MM factor [9]. As changes in the spectral response of a cell are likely to correlate with 
neighboring wavelengths, artificial contributions to the MM are generated over 10 nm ranges. A rectangular function 
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is modulating each of the 4 integrals in formula 3 
 
           
           ³³
³³ 
OOOOOOOOOO
OOOOOOOOOO
O
dESRtdESRt
dESRtdESRt
MM
fTCISimRCI
SimTCIfRCI
i
Re
Re
,,
,,
. (10) 
A relative sensitivity is calculated as: 
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The results of the calculations for a specific set of reference cell and test cell for LED, Xenon and dual-source 
solar simulators are shown in Fig. 3.  
The shape of the curves of course is dependent on the selection of reference and test cell. However, calculating 
the root mean square over the entire wavelength range gives a more robust figure of merit. The results are given in 
the third column of Table 2. Close values were found for LEDs and Xenon, with the dual-source simulator showing 
half the deviation. 
This approach can be refined to calculate a set of sensitivity coefficients [10], which integrate in the framework 
used to calculate the overall uncertainty for the measurement. 
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Fig. 3. Sensitivity analysis of the mismatch factor for different types of solar simulator spectra. 
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    Table 2. Solar simulator deviation figures to AM1.5g for different simulator spectra. 
Solar Simulator rms Jsc contribution [a.u.] rms sensitivity [a.u.] 
19 LEDs light engine 0.47% 4.1 E-5 
Xenon 0.61% 4.0 E-5 
Dual lamp (Xe+Ha) 0.20% 1.9 E-5 
5. Conclusion 
With the applied metrics, the spectra of different solar simulator types can be compared. A general figure of merit 
is the quality factor f1,Sim´ defined in analogy to that of a photometer. The quality factor shows only an insignificant 
dependence on the device spectral response. With the spectral response of a single device, the spectral contributions 
to the Jsc are calculated. Using a pair of spectral response data, a sensitivity analysis of the MM is performed. These 
calculations show consistent results. Our results are in agreement with random walk monte carlo simulations on the 
uncertainties of the spectral mismatch factor for Si solar cells [11]. This supports the definition of the quality factor 
f1,Sim´ as a general estimate of the potential spectral mismatch. 
It was found, that a 19 LED solar simulator is comparable to an industry standard filtered Xenon solar simulator. 
From the LED spectral tunability, better performance might be expected. But from the understanding of the 
relationship between spectral response and the integral quantity of Jsc, a full width half maximum (FWHM) of the 
spectral distribution of the LED light intensities of 15nm would be ideal, which is not obtained by current values of 
60nm for the near infrared LEDs. For high accuracy measurements, the dual-lamp super solar simulator is advisable 
due to its significant superior spectrum. 
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